Over the last few years, the technology for microelectrode studies of the frog sartorius muscle has been Solver by R. A. Meiss (9) for use in my course. My students have used this program with immense satisfaction to estimate Vm by the GHK equation. After completing both the calculations and the measurements, students assess which algorithm will best describe the electrical behavior of the frog sartorius muscle membrane. Also, they are asked to enumerate the specific differences in the assumptions of the NE and GHK equations in retrospect. Through this exercise, students learn to test alternate hypotheses using empirical data. In addition, they gain practical experience in both micromanipulation and measurement of Vm.
MATERIALS AND METHODS
Rana pipiens, purchased from Nasco (Ft. Atkinson, WI), are maintained in running well water and fed crickets every 2 wk. After double pithing, the sartorius muscle is removed from the ventral surface of each leg and rinsed in frog Ringer solution (in mM:
115 Na+, 3 KS, 2.7 Ca2+, 121.4 Cl-, 2.5 HCO,; osmolarity 2 lo-230 osM). Carefully, the muscles are stretched to form a smooth rectangle with the medial surface turned up and pinned to the bottom of a finger bowl covered with a slanted layer of opaque wax. Various solutions can then be superfused over the preparation by gravity as excess fluid is removed by suction. Usually, only one muscle is used by each student group during the entire experiment. The muscle fibers are initially exposed to a frog Ringer solution containing 3.0 mM Kf as they are impaled with a microelectrode (see Added proof). Subsequently, the muscle is washed sequentially for 10 min with Ringer solution containing either 10, 30, or 100 mM K+. To maintain osmotic balance in these solutions, increases in KC1 are matched by an equimolar reduction of the NaCl in the Ringer solution. After Vm is measured in the most concentrated K+ solution, the muscle is returned to the 30 mM K+ for 10 min. BaCl, is added to a final concentration of 10 mM. The experiment takes -2.5 hofclasstime.
Hardware requirements.
Glass microelectrodes are fabricated from fiber-filled borosilicate glass (1.2 mm OD, stock no. lBBL, WPI, Sarasota, Fl) with a Narishige horizontal pipette puller (PN-3; Pacer, Los Angeles, CA). After pulling, the pipettes are backfilled with 3.0 M KCl, and the tip resistance is measured using a Neuroprobe model 1600 electrometer (A-M Systems, Seattle, WA). Only those with a tip resistance between 20 and 30 MO are used for impalement. To measure Vm, the pipette is connected to a voltage-follower amplifier (input impedance of 0.5 X 1012 Q VF-11; Warner Instrument, Hamden, CT) and a Metex M-3800 digital multimeter ('Jameco, Belmont, CA) using a Ag-AgCl reference electrode as ground. Electrode junctional potentials are reduced by electrically adjusting the tip voltage to "0" mV. The head stage of the amplifier and glass pipette is maneuvered using a Prior Student micromanipulator (Stoelting, Chicago, IL) and a magnetic stand on a 0.25 X 12 X 24-in. steel plate. The impalement apparatus is housed in a grounded wood/metal Faraday cage.
To impale myofibers, the pipette is guided by the manipulator as the tip is observed with a binocular dissecting microscope. When the pipette moves near the sarcolemma, the electrode voltage deflects from 0 to about -25 mV. Care is then taken to advance the pipette very slowly. This will produce an impalement or micropuncture. For an impalement to be considered reliable, Vm should fluctuate no more than t2 mV for a period of not less than 2 min. The magnitude of the voltage should be near a value predicted by either the NE or GHK equation. As the microelectrode is withdrawn from the preparation into the bath, the junctional offset voltage varies no more than &3 mV from 0 mV. If the tip potential changes significantly, the tip resistance should be measured again, and undesirable electrodes should be discarded. Students are encouraged to make five "good" impalements under each extracellular K+ concentration ([K+],) .
Predicting Vm. Two algorithms are used to calculate Vm. If a barrier is selectively permeable to a single charged particle and the permeability is unaltered by the transmural voltage, the NE equation 
@V
As an alternative, the GHK equation (2) 
CLASSROOM RESULTS
To begin the experiment, students must first learn to impale the fibers of sartorius muscle with care. The first 30 min of the laboratory are usually spent making new electrodes to replace broken ones. As students develop proficiency with the manipulator, the following question arises: "What voltage values are good?" Two criteria are used. I) Using the permeabilities and K+ and sodium concentrations given above, the students can calculate expected Vm values using both the NE and GHK equations ( Table  1 ). The Vm is considered to be reliable if it falls in this range.
2) The electrode maintains a tip resistance between 20 and 30 Ma after being withdrawn from a myocyte. If the K+ solutions are administered by increasing concentration, the experiment usually proceeds very satisfactorily. At the end of the experiment, 10 mM Ba2+ in a 30 mM K+ superfusion solution is used as a noncompetitive inhibitor blocking K+ channels. Figure 1 graphically compares the experimental results of the four classes from Table 1 with the predictions of the NE and GHK algorithms (see Addedproof). 
DISCUSSION
The logistics for this exercise are very manageable for classes of up to 16 students. I conduct this experiment by dividing the class into four groups and requiring each member to produce a satisfactory impalement. The equipment cost for this laboratory experiment is not prohibitive. A pipette puller ($2,000) and Neuroprobe ($1,900) were borrowed from a research laboratory. Fiber-filled borosilicate tubing costs about $40-60 per 500 pieces. The voltage-follower amplifier costs about $260, whereas the digital multimeter is $35. The micromanipulator and stand cost $250, and a steel plate costs $25. Stereo dissection microscopes ($4 1,200) were borrowed from general biology and plant taxonomy teaching laboratories. Because computers are becoming routine in teaching laboratories, programs for calculation of Vm by the GHK equation are readily available (2, 9). 7&e Membrane Potential Problem Solver is available for $95 (Labpack $220) with minimum equipment requirements of a 256K RAM, a CGA adapter, and a color monitor.
This exercise is remarkably consistent between classes ( Once students have processed the experimental data, they are then instructed to recount the assumptions of the two algorithms and explain why the GHK equation more accurately predicts Vm than does the NE equation. The NE algorithm assumes a singular maximum permeability for K+, whereas the GHK assumes a K-to-Na permeability of 20: 1. The Membrane Potential Problem Solver permits alteration of the K-to-Na ratio relative permeability and graphically illustrates concommitant changes in Vm.
This asset helps students visualize the significance of permeability in the GHK equation. Although beyond the scope of the computer program, the students are asked to calculate a Vm for a K-to-Na permeability ratio of 1:20 to illustrate the impact of the electromotive force of sodium. It should be recalled that the Ba2+-mediated depolarization demonstrates the dependence of Vm upon K+ conductance as well as gradient. Later, this concept of relative permeability becomes helpful when discussing the basis of the action potential.
Added proof. Recently, this experiment was repeated in our teaching laboratory. After thirteen impalements, an average Vm of -84.1 t 3.0 (SD) mV was obtained from muscle cells exposed to a Ringer solution containing 1.0 mM K? For [K10 of 1 mM, the GHK equation predicts a value of -82.3, whereas, for the NE equation, the value is -12 1. This Vm measurement is indistinguishable from the GHK prediction line in Fig. 1 . Inclusion of this concentration would help students assess which algorithm is best for predicting membrane voltage. 
